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Abstract
A future linear collider such as TESLA may be able to run on the Z0 resonance
with very high luminosity and polarised electron and positron beams. The possibilities of
measuring electroweak quantities with high precision are investigated. Huge improvements
with respect to the present precision can be expected, especially for the asymmetries ALR
and Ab where beam polarisation can be exploited. The very large sample of Z0 → bb
events also allows studies of various CP-violating b decays. The precision achievable on
the CKM unitarity triangle angles is comparable to experiments at b factories and future
hadron colliders.
1 Introduction
The primary motivation for a next generation e+e− linear collider is the study of collisions at
centre of mass energies beyond 200GeV. However, by adding an auxiliary positron source, it
may be possible to run with high luminosity (L ∼ 5·1033 cm−2s−1) and polarised beams at the
peak of the Z0 resonance [1]. This luminosity would allow the accumulation of 109 hadronic
Z0 decays in about 70 days running, opening up the possibility to repeat the electroweak
measurements currently performed at LEP and SLD with much higher precision.
A sample of 109 Z0 decays represents a gain of about 100 over the LEP1 data sample.
However, with the beam polarisation and good b-tagging capability at a linear collider, the
more relevant comparison is with SLD, where the gain will be more like a factor of 2000. With
beam polarisation, the variable that is most sensitive to the effective weak mixing angle sin2θℓeff
is ALR, the left-right asymmetry in Z
0 decays. Using ALR, SLD at SLAC was able to measure
the weak mixing angle to a better accuracy than any single observable at LEP with less than
a tenth of the luminosity [2]. Although the present SLD analysis technique is limited by the
precision of the electron polarisation measurement, the availability of positron polarisation
at a linear collider allows the polarisation to be measured from cross section asymmetries.
Using a scheme first proposed by A. Blondel for LEP [3], external measurements are then
only needed for polarisation differences.
This large data sample would also contain about 4 · 108 b hadrons, a large enough sample
to study rare CP-violating b decays. The linear collider offers a number of advantages over
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other facilities: the beam polarisation allows a very good initial state tag from the b-quark
forward-backward asymmetry, the data sample is larger than that from asymmetric e+e− b
factories, whilst the environment is much cleaner than that at hadron colliders. Competitive
measurements of the angles of the CKM unitarity triangle may thus be possible.
The precision attainable on such electroweak and CP-violation measurements is studied
in this paper. The basic assumptions used are described in Section 2, followed by discussions
of the lineshape parameters in Section 3 and Rb in Section 4. The measurement of ALR,
including the Blondel scheme for the polarisation determination, is described in detail in
Section 5, followed by Ab in Section 6. The potential for measurement of the CKM unitarity
triangle angles α, β, γ and δγ is investigated in detail in Section 7. Finally, the conclusions
are given in Section 8.
2 Data sample and assumptions
The TESLA linear collider should be able to deliver a luminosity of L = 5 · 1033cm−2s−1 at
the Z0-pole with the aid of an auxiliary positron source [1]. With this luminosity, the sample
of 109 hadronic Z0 (corresponding to 30 fb−1) assumed in this paper can be produced in about
70 days running—a small cost to the overall physics program of the collider. The detector,
trigger and data acquisition must of course be able to cope with the trigger rate of 200Hz
from hadronic Z0 decays.
It will be assumed that the electron and positron beams can be polarised with polarisations
of P− = ±80% and P+ = ±60%. This corresponds to an equivalent polarisation of P =
P++P−
1+P+P− ∼ 95%. Additionally, the polarisation should be switchable randomly from train to
train.
The energies of both the electron and positron beams can be measured with a spectrometer
similar to the one currently being installed in LEP [4]. Fast energy scans should be possible,
so that the spectrometer can be calibrated relative to mZ from LEP. With this scheme a
precision of 1MeV might be reached. It should be noted that the relevant parameter to
correct the electroweak measurements is the difference
√
s−mZ, so that the error on mZ does
not enter when the spectrometer is calibrated relative to the Z0 mass.
3 Lineshape parameters
The parameters that are measured at LEP in the scan around the Z0 resonance are:
• the mass of the Z0 (mZ)
• the width of the Z0 (ΓZ)
• the hadronic peak cross section (σ0 ∝ ΓℓΓhadΓ2
Z
)
• the ratio of the hadronic and leptonic partial widths (Rℓ = ΓhadΓℓ )
Since mZ is used to calibrate the spectrometer, its precision clearly cannot be improved at
TESLA. With the large Z0 data sample, the error on ΓZ is equal to the error on
√
s, so 1MeV
is within reach.
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LEP [2] TESLA
mZ 91.1867 ± 0.0021GeV ±0.0021GeV
αs(m
2
Z) 0.1212 ± 0.0034 ±0.0016
∆ρ (0.42 ± 0.12) · 10−2 ±0.05 · 10−2
Nν 2.994 ± 0.0011 ±0.0011
Table 1: Possible improvements in the physics quantities derived from the Z0-lineshape after
high luminosity Z0-running at TESLA. For αs and ∆ρ,Nν = 3 is assumed.
The error on the hadronic peak cross section is dominated by uncertainties coming from
the luminosity measurement, mainly from theory. It is possible that with the high luminosity
available at TESLA, processes with low cross section but small uncertainties like e+e− → γγ
can be used, but here it will be assumed that no improvement on σ0 will be possible.
The partial width ratio Rℓ receives substantial contributions from systematic uncertainties
due to the leptonic and hadronic event selection. The uncertainties from the leptonic event
selection, especially for muons, are mainly of a statistical nature, so can be assumed to scale
with the luminosity. The uncertainty on the hadronic event selection will be assumed to
stay at the best value reached at LEP (0.05%). A more careful study on this subject is in
progress [5].
The interesting physics parameters that can be derived from the lineshape parameters are
• the mass of the Z0 (mZ)
• the strong coupling constant at the Z0-mass (αs(m2Z))
• the radiative correction parameter normalising the strength of the Z0-couplings to the
fermions (∆ρ)
• the number of light neutrino species (Nν)
The possible improvements in these parameters are summarised in Table 1. It can be seen
that an interesting gain can be obtained for αs(m
2
Z) and ∆ρ. Nν is completely determined
by σ0, so no change is expected if the luminosity determination cannot be improved.
4 Measurement of Rb
The fraction of bb events within the hadronic event sample Rb = σbb
/σhad is closely related
to the ratio of partial widths R0b = Γbb
/Γhad (R
0
b = Rb + 0.0002). R
0
b plays a special role
within the electroweak quantities, since in the ratio of widths practically all corrections from
the electroweak propagator and QCD effects cancel, so that R0b only measures corrections to
the Zbb vertex. At LEP R0b is limited by systematic errors, mainly from three sources:
1. background from cc events. This error arises mainly from physics uncertainties in charm
production and decay;
2. background from light quark events containing a gluon splitting g → bb. This back-
ground is to a large extent irreducible and the error is due to the uncertainty in the rate
of the gluon splitting process;
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3. hemisphere correlations from hard gluon radiation. Hard gluons emitted at large angle
take energy from both hemispheres. Since the b-tagging efficiency is a function of the
energy of the decaying b hadron, this leads to a correlation between the hemispheres.
The LEP analysis with the smallest error at present is from DELPHI [6], and has about
equal statistical and systematic uncertainties. The DELPHI analysis uses a b-tag with an
efficiency of 30% and a purity of 98%. At TESLA a purity of 99.3% at the same efficiency
seems feasible [7], reducing the statistical error by a factor of 20. At the same time the
charm background is reduced by a factor of four. Even assuming no improvements in the
understanding of charm production and decay by the time of TESLA, the systematics from
this source will still be reduced accordingly.
The rate of gluon splitting into cc and bb pairs is measured at LEP. With the large
event sample and high quality b-tag there is no doubt that this can be measured much more
precisely at TESLA.
Rejection of non bb backgrounds is accomplished by exploiting the long decay length
and high invarient mass of b hadrons. At TESLA, the impact parameter resolution (which
determines the resolvablility of secondary vertices) is about a factor of 10 better than at LEP,
and the losses of bb events will be mainly due to the invariant mass cut. Since the invariant
mass is a Lorenz invariant quantity the energy dependence of the b-tag should be much less
than at LEP, so that for QCD hemisphere correlations a reduction of a factor four to five is
also realistic.
In summary a total error of ∆Rb = 0.00014 can be expected. This is an improvement of
a factor five compared to the present LEP average [2].
5 Measurement of ALR
5.1 The Blondel scheme for the linear collider
In general the cross section e+e− → Z0 → ff for polarised beams can be written as
σ = σu [1− P+P− +ALR(P+ − P−)] , (1)
where P+ and P− are the longitudinal polarisations of the positrons and electrons measured
in the direction of the particle’s velocity. σu is the unpolarised cross section and ALR the
left-right asymmetry.
With the assumption of an absolute electron/positron polarisation of P− = 80% and
P+ = 60%, and the possible polarisation states ±P− and ±P+, four statistically independent
measurements are possible:
σ++ = σu [1− P+P− +ALR( P+ − P−)]
σ−+ = σu [1 + P+P− +ALR(−P+ − P−)]
σ+− = σu [1 + P+P− +ALR( P+ + P−)]
σ−− = σu [1− P+P− +ALR(−P+ + P−)]
where in σ±± the first sign denotes the positron and the second one the electron polarisation.
The left-right asymmetry is then given by
ALR =
√
(σ++ + σ−+ − σ+− − σ−−)(−σ++ + σ−+ − σ+− + σ−−)
(σ++ + σ−+ + σ+− + σ−−)(−σ++ + σ−+ + σ+− − σ−−)
4
without any need for polarisation measurements.
The statistical error is given as usual by
∆ALR
2 =
∑
i=±,j=±
(
∂ALR
∂σij
∆σij
)2
where the derivatives are given by
∂ALR
∂σ++
=
1
8σuP+P− [−P
+ + P− − (P+P− − 1)ALR]
∂ALR
∂σ−+
=
1
8σuP+P− [−P
+ − P− − (P+P− + 1)ALR]
∂ALR
∂σ+−
=
1
8σuP+P− [ P
+ + P− − (P+P− + 1)ALR]
∂ALR
∂σ−−
=
1
8σuP+P− [ P
+ − P− − (P+P− − 1)ALR]
Ignoring the terms proportional to ALR the derivatives for the large cross sections σ+−
and σ−+ are proportional to P+ +P−, whereas the ones at the small cross sections σ++ and
σ−− are proportional to |P+ − P−|. In addition, for equal luminosity, the absolute errors on
the large cross sections are larger than on the small ones, so that the optimal distribution of
luminosities is around
L+− + L−+
L =
√
(1− P+P−)(P− − P+)2
(1 + P+P−)(P− + P+)2 + (1− P+P−)(P− −P+)2 (2)
Taking P− = 80% and P+ = 60% the optimum is around 0.1, which means that very little
luminosity is needed for the small cross sections and few Z0 are lost. Figure 1 shows the
statistical error on ALR for these polarisation values as a function of the luminosity spent on
the small cross sections using ALR = 0.15. Since the minimum is very shallow no complicated
optimisation procedure will be needed.
With 109 recorded Z0 an error of ∆ALR = 3.0 · 10−5 can be reached. Figure 2 shows the
statistical error as a function of the positron polarisation. For high values of P+ the error is
nearly constant, so that there is little to gain by increasing P+ much above 60%.
Although no absolute polarisation measurements are needed in this scheme, some relative
measurements are still required. In particular the difference between the absolute values of
the positive and negative polarisations of the same beam has a significant impact on the
determination of ALR. This will be treated in detail in section 5.1.1.
Other possible systematic errors should be well under control:
• The change of ALR with the centre of mass energy close to the peak of the Z0-resonance
is about 2 ·10−2/GeV, so the beam energy needs to be controlled to a precision of about
1MeV.
• Non-resonant backgrounds need to be kept below 10−4. This seems feasible from ex-
trapolating the LEP experience.
• To measure the luminosity differences between the different polarisation states a LEP-
type luminometer measuring small angle Bhabha scattering is required. Again here only
relative measurements need to be done.
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Figure 1: The statistical error on ALR as a function of the luminosity spent on the small cross
sections.
0
2
4
6
8
10
12
14
16
18
20
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P+
D
A
LR
 
10
-
4
Figure 2: The statistical error on ALR as a function of the positron polarisation.
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• The amount of beamstrahlung expected in the high luminosity Z0 running [8] changes
ALR by ∆ALR = 9 · 10−4. It thus needs to be known to a precision of a few percent.
5.1.1 Measurement of the polarisation difference
In the scheme proposed here, a possible difference between the absolute values of the positive
and negative polarisations of the same beam can only be measured with polarimetry. It will
thus be assumed that Compton polarimeters of the same type as that operated at SLD [9]
are installed in the electron and positron beams.
In this type of polarimeter the beam is scattered by a highly polarised laser beam. The
sign of the laser polarisation is chosen at random and the asymmetry of the scattered elec-
trons is analysed by a detector (Cherenkov in the case of SLD). The possibility of varying the
laser polarisation enables the two electron (positron) polarisation states to be measured inde-
pendently. The polarisation measurement is vulnerable to a possible polarisation dependent
asymmetry of the laser currents. This problem can be overcome if, as at SLD, the detector
consists of different channels with different analysing power.
With the simultaneous application of the Blondel scheme, the analysing powers of the
different detector channels need not be known a priori, but can be obtained from data. The
laser polarisation can be measured very precisely, and enters only in a term proportional to
the small polarisation difference, so that its error is totally negligible. Assuming analysing
powers of 0.4 and 0 for the two detector channels the error on ALR becomes
∆ALR = ∆A
(0)
LR
√
1 + 8/x
where ∆A
(0)
LR is the error on ALR without the contribution from the polarimeter and x is the
ratio of Compton events in each polarimeter channel to the number of Z0 events. A value of
x ∼ 10, which seems no problem given the SLD experience, would thus increase the statistical
error to ∆ALR = 4 · 10−5 ·
√
109
NZ
.
5.1.2 Alternative measurement of the polarisation difference
If, in addition to the positive and negative polarisation, unpolarised beams are also used,
nine different polarisation combinations are possible. In this scheme the polarisation of the
positive and negative states can be measured separately from the data. The statistical error
for this case increases to ∆ALR = 7 · 10−5 ·
√
109
NZ
. However the residual polarisation of the
unpolarised beam must be known to better than 10−4 to get the systematic uncertainty from
this source below the statistical error.
5.2 Interpretation of ALR
Taking into account all the errors discussed above, a realistic estimate for the final precision
on ALR is ∆ALR = 10
−4. This corresponds to an error of 0.000013 in sin2θℓeff . At the Born
level α, GF and mZ enter in the definition of sin
2 θ and all give uncertainties on the prediction
at least one order of magnitude smaller than the experimental precision of the measurement.
However, at this level of precision, the effects of radiative corrections also become important,
which is of course the main interest in doing the measurement. Therefore all the parameters
of the Standard Model enter into the prediction.
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By far the largest correction comes from the running of the fine structure constant to
the Z0 mass. Using only measurements of the hadronic cross section at low energies, a value
of αQED(m
2
Z) = 1/(128.896 ± 0.090) has been obtained [10], which translates into an error
on sin2θℓeff of 0.00023. By imposing QCD for energies above 1.7GeV the uncertainty was
recently reduced by about a factor of four [11–13], but even this completely dominates over
the experimental error. If the hadronic cross section can be measured to a precision of 1%
for energies up to about 3.6GeV, the error can be reduced by a total factor of nine. If it
is known to 1% up to the Υ resonance at 9.5GeV, the total reduction would be a factor of
14 [13]. This would correspond to ∆ sin2θℓeff = 0.000017.
A top mass error of 1GeV would contribute an uncertainty of 0.000032 to the sin2θℓeff
prediction. At TESLA it should be possible to measure mt to 120MeV, so that the top
contribution to ∆ sin2θℓeff will be negligible.
A 5% variation in the Higgs mass changes sin2θℓeff by 0.000025. If the Higgs is found by
the time the ALR measurement is done, its mass can be measured with 200MeV precision, so
that it does not contribute to the uncertainty. If the Higgs is not found, the measurement of
sin2θℓeff can be used to predict its mass to a precision of ∼ 5%. To visualise this improvement,
Figure 3 shows the fit χ2 as a function of the Higgs mass for the present electroweak precision
data [2] and for the TESLA expectation.
6 Measurement of Ab
At LEP the forward backward asymmetry for a quark q measures the product of the coupling
parameters for the initial state electron and the final state quark:
AqFB =
σ
(q)
F − σ(q)B
σ
(q)
T
=
3
4
AeAq
If polarised beams are available the left-right-forward-backward asymmetry is sensitive to
the final state coupling only:
AqFB,LR =
σ
(q)
L,F − σ(q)L,B − σ(q)R,F + σ(q)R,B
σ
(q)
L + σ
(q)
R
=
3
4
PAq
Statistically this quantity is a a factor P/Ae ∼ 6 more sensitive to Aq than AqFB. However
most systematic errors are proportional to the asymmetry, so are not reduced by using AqFB,LR
instead of AqFB.
At LEP two methods are used to measure AbFB, leptons with high pt (transverse momen-
tum with respect to the jet axis) and a jet charge measurement combined with a lifetime
b-tag. With the better b-tagging possibilities at a linear collider additional methods like
vertex-charge techniques are possible, as has been demonstrated at SLD [14]. However in the
following only the extrapolation of the LEP methods will be discussed.
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Figure 3: ∆χ2 as a function of the Higgs mass for the electroweak precision data now and
after the linear collider Z0 factory running.
For the lepton measurement the ALEPH analysis [15] (AbFB = 0.1008 ± 0.0043(stat) ±
0.0028(syst)) is taken as a reference. The statistical error with the assumed number of events
will be ∆Ab = 4 · 10−4. With this projected uncertainty the ALEPH analysis would be
completely dominated by the systematics from light and especially charm quarks. However,
this error can be reduced to the same size as the statistical error using a b-tag with 85%
efficiency and a charm rejection of a factor 50, which seems feasible [7].
BB-mixing introduces a correction to the measured asymmetry (AmeasFB = AFB(1−2χ)) so
that χ must be measured from double lepton events. This introduces an additional statistical
error of ∆Ab = 9 · 10−4. If the mixing analysis is done with the same lepton selection as the
asymmetry analysis, all uncertainties due to the sample composition of the bb events cancel.
Thus a total error of ∆Ab = 11 · 10−4 from the lepton analysis should be possible.
For the jet charge method the recent DELPHI analysis [16] (AbFB = 0.0982±0.0047(stat)±
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Figure 4: Hemisphere correlation for the AbFB jet charge analysis as a function of the thrust
cut applied, taken from [17].
0.0016(syst)) will be extrapolated. The statistical error is expected to become ∆Ab = 5·10−4.
With the same efficiency for the b-tag as in the DELPHI analysis (75%) the purity will
be 99% instead of 92% [7] leading to a systematic error from light quark backgrounds of
∆Ab = 1 · 10−3. Some further optimisation in the efficiency-purity working point is clearly
possible.
Another source of uncertainty is hemisphere correlations. With a cut on the thrust of the
events (see fig 4 [17]) the correlation can be brought down to the 10−3 level, so that even
taking the full correlation as systematic uncertainty a total error of ∆Ab = 14 ·10−4 from the
jet charge analysis is possible.
Combining the two asymmetry analyses, a total error of ∆Ab = 1 · 10−3 seems realistic.
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Figure 5: Ab vs Ae from the current LEP and SLD electroweak data, compared to the
expectation for the TESLA Z0 factory running.
As can be seen from Figure 5, this is an improvement of similar size as that obtainable on
Ae.
7 CP violation physics
A data sample of 109 hadronic Z0 would include 4×108 b hadrons, which may allow competi-
tive measurements of the angles of the CKM unitarity triangle. The possibilities of measuring
the angles α, β, γ and δγ in both B0 and Bs decays is investigated in this section, and the
results compared with those achievable at BaBar, CDF, ATLAS and LHC-b (taken as repre-
sentative also of the results achievable at BELLE, D0, CMS and B-TeV respectively).
Some of the CP violation analyses make stringent demands on the performance of the
detector, and considerable advances over LEP detectors in the areas of tracking and vertex
reconstruction are required. Where necessary, the ‘reference detector’ described in the TESLA
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linear collider conceptual design report [18] is assumed. It should be noted that no dedicated
particle identification devices (e.g. Cherenkov detectors) have been added, but the use of
dE/dx information in the TPC is explored. The detector performance has been studied using
both the fast simulation program SIMDET 3.1 [19] and the full GEANT simulation BRAHMS
1.02 [20]. Both of these simulation tools implement the detector geometry as described in [18].
7.1 Initial state tagging
Most of the CP violation studies of interest involve measuring the time-dependent asymmetry
in the decay of B0 and B¯0 mesons to a CP eigenstate fcp: B
0, B¯0 → fcp. The asymmetry A(t)
takes the form:
A(t) ≡
NB0(t)−NB¯0(t)
NB0(t) +NB¯0(t)
= acos cos∆mt+ asin sin∆mt (3)
where ∆m is the B0 − B¯0 mixing parameter. Since the final state is a CP eigenstate (e.g.
J/ψK0s , π
+π−), the initial state (B0 or B¯0) must be determined (‘tagged’) from information
elsewhere in the event. In most experiments, this is done by exploiting the pair production
of bb, and tagging the state (b or b¯) of the other quark in the event (which in general does
not decay to a CP eigenstate). However, both the efficiency and the purity of this procedure
is low, leading to a significant ‘mistag’ (events tagged incorrectly).
The use of polarised beams at TESLA, combined with the large forward-backward asym-
metry of the b quark coupling to the Z0, allows a different method to be used, as at SLD [21].
With polarised beams, the differential cross section for e+e− → Z0 → bb takes the form:
dσ
d cos θ
= (1−AeP)(1 + cos2 θ) + 2Ab(Ae − P) cos θ (4)
where Ae = 0.15 and Ab = 0.93 are the fermion couplings to the Z
0 [22], and P = (P− −
P+)/(1−P−P+) is the effective polarisation. This cross section is plotted in Figure 6(a) for
the expected polarisation levels of P− = ±0.8 and P+ = ±0.6. The very large asymmetry
resulting from the high level of effective polarisation when P− and P+ have opposite signs is
clearly seen.
This asymmetry can be used to tag the initial b quark flavour, by simply assuming (for
P− < 0) the forward (cos θ > 0) hemisphere contains the b quark and the backward (cos θ < 0)
contains the b¯ antiquark. The resulting mistag rate η is 0.5 (equivalent to purely random tag
assignment) when cos θ = 0, but drops to e.g. only 6% at | cos θ| = 0.9. The tagging power
can be quantified by means of the ‘separation power’ s, defined generally as s = ǫD2 where
ǫ is the tagging efficiency and D the dilution D = (1 − 2η) [23]. The dilution represents the
reduction in the size of the measured asymmetry due to the imperfect initial state tagging,
and s = ǫD2 gives the corresponding loss in the total number of events—one imperfectly
tagged event is equivalent to s perfectly tagged events. With the polarisation tag, the mistag
depends strongly on cos θ, and the effective separation is given by the integral:
< s >=
∫ cos θmax
0
dσ
d cos θ (1− 2η(cos θ))2 d cos θ∫ cos θmax
0
dσ
d cos θ d cos θ
where η(cos θ) is the mistag rate at any particular value of cos θ. For P− = 0.8, P+ = −0.6
and cos θmax = 0.9, i.e. assuming a uniform event reconstruction efficiency up to cos θ = 0.9,
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the separation is s = 0.47. For the 10% of the luminosity taken with same sign polarisation
to minimise the error on ALR, the separation is only s = 0.09, and is not useful. These
values should be compared with typical values of 0.20 in LEP B0 oscillation analyses, 0.06
at CDF (for the sin 2β analysis [24]), similar values of about 0.06 for future hadron collider
experiments and 0.2–0.3 expected for BaBar at an e+e− b factory [23].
It is clear that the initial state tagging with polarised beams offers an important advantage
over other facilities, and the tagging can be further improved by combining the polarisation
information with all the other tags used at LEP and SLD. A separation of s = 0.45 has
been used throughout this note, and even higher values may be achievable with appropriate
combination of tags.
7.2 Measurement of β
The cleanest way to measure the angle β is to study the decay mode B0, B¯0 → J/ψK0s , where
the time dependent asymmetry follows equation 3 with asin = − sin 2β and acos = 0. The
decay is easy to reconstruct with J/ψ → e+e− or µ+µ− and K0s → π+π−, and first results have
already been obtained from existing experiments [24, 25]. With 109 Z0 and a reconstruction
efficiency of 30% (OPAL achieved 20% with inferior tracking and mass resolution), a total of
1900 reconstructed events would be expected. The effects of time resolution and combinatorial
background should be small, leading to an expected error on sin 2β of ±0.04. This should be
compared with 0.12 for BaBar in 1 year of running (30 fb−1) [23], 0.08 for CDF from run II
(2 fb−1) [26], 0.02 from ATLAS in 1 year [27] and 0.01–0.02 from LHC-b [28].
It is clear that in this relatively easy decay channel, the huge number of events recon-
structed at LHC gives a decisive advantage. However, sin 2β can also be measured in many
other B0 decay modes, for example J/ψK0L, J/ψK
∗0, ψ′K0s , and D
(∗)D(∗). An important part
of the b factories’ physics program will be to measure sin 2β in all these modes, and demon-
strate consistent results. Some of these decay modes are difficult at hadron colliders, but
should be accessible in the cleaner environment of the e+e− linear collider. With the larger
number of events and better tagging than at b factories, the linear collider should be able to
significantly improve on some of these measurements.
7.3 Measurement of α
The measurement of α requires the study of a decay with a contribution from b→ duu. The
simplest such decay is B0, B¯0 → π+π−, whose asymmetry can be used to measure sin 2α in
the same way as the asymmetry in B0, B¯0 → J/ψK0s measures sin 2β. However, in the π+π−
decay, there are significant complications resulting from so called ‘penguin’ diagrams, which
destroy the simple relationship between sin 2α and the measured asymmetry [23, 28]. In the
absence of penguin contributions, the asymmetry takes the form given by equation 3 with
acos = 0 and asin = − sin 2α, but penguin contributions introduce decay amplitudes with
different strong phases, leading to acos 6= 0 and asin 6= − sin 2α. The measured values of
the coefficients acos and asin can be used to extract sin 2α, providing the amount of penguin
contribution is known.
Unfortunately, the contribution of penguin decays is now expected to be significant, as
the penguin dominated decay B0 → K+π− has been measured to have an unexpectedly large
branching ratio of (1.4 ± 0.3 ± 0.2) × 10−5, whilst only an upper limit of 0.84 × 10−5 has
been set on the branching ratio of B0 → π+π− [29]. This has two serious implications for the
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determination of sin 2α in the π+π− channel:
1. The decay B0 → π+π− has a large background from B0 → K+π−, which must be
cleanly separated, since it is also expected to have a (different) non-trivial CP violating
asymmetry.
2. The relative contributions of tree and penguin decays in B0 → π+π− must be deter-
mined, to allow the extraction of sin 2α from the measured values of acos and asin. One
promising technique is to use an isospin analysis, which requires measurement of the
three branching ratios for the decays B0 → π+π−, B0 → π0π0 and B+ → π+π0.
Hence a determination of sin 2α requires both a measurement of the asymmetry in π+π− and
measurement of the three branching ratios for the isospin analysis. These measurements are
discussed in more detail below.
7.3.1 Asymmetry measurement for π+π−
The reconstruction of B0 → π+π− decays has been studied with the full detector simulation
program BRAHMS, but simulating only the tracking detectors. The candidate selection was
based on the OPAL search for this decay [30]. After requiring the direction of the thrust
axis to satisfy | cos θT| < 0.9, jets were reconstructed using a cone algorithm with half-angle
0.65 rad and minimum jet energy 5GeV. All possible opposite-charge pairs of tracks in each
jet were then combined as possible B0 candidates, requiring the vertex probability to exceed
1%, the decay length significance L/σL to exceed 3 and the b hadron candidate energy to
exceed 25GeV. Additionally, the opening angle φ between the two tracks was required to be
less than 0.5 and the angle θ∗ of the π+ in the rest frame of the B0 was required to satisfy
|cosθ∗| < 0.8 [30]. Finally the reconstructed mass of the candidate was required to be in the
range 5.258–5.299 GeV. The entire selection is 46% efficient for B0 → π+π− and results in
about 900 selected events from 109 Z0 decays for a branching ratio of 1.2× 10−5, as assumed
in [23].
The resulting invariant mass spectrum for B0 → π+π− and K+π− decays is shown in
Figure 7(a), assuming equal branching ratios for the two decay modes. The very good tracking
resolution of the linear collider detector gives a signal peak with RMS of 11MeV, and this is
enough to largely separate the signal from the K+π− background. Within the mass region
of 5.258–5.299 GeV, the signal to background ratio is about 10:1. This is in contrast to
other experiments, where particle ID has to be used to separate the two decays. By making
an additional cut of cos θ∗ > 0, exploiting the correlation between the decay angle and the
effective reconstructed mass for the K+π− decay, the background can be further reduced to
a negligible level for a 50% loss in signal.
The very good mass resolution allows the effective suppression of the K+π− background
without particle ID. However, the TPC of the proposed detector offers the possibility of also
using some dE/dx information. The performance of this has been estimated to give 1.5–2σ
separation between pions and kaons in the momentum range of interest (10–30 GeV) [31].
This modest dE/dx performance allows the signal to noise ratio to be increased to 40:1 for a
50% loss in signal efficiency, as shown in Figure 7(b), before the application of the cos θ∗ > 0
cut. Although it is not needed in this particular channel, the dE/dx information may be
useful in other studies (e.g. 3 body decays) where the cos θ∗ cut cannot be applied.
Apart from the B0 → K+π− decay, the main background is expected to be combinatorial
in nature. This has been evaluated in two ways (i) with a sample of 105 Z0 decays simulated in
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Figure 7: Invariant mass distributions of reconstructed B0 → π+π− decays (open histogram)
and B0 → K+π− decays (hatched histogram), without (a) and with (b) a dE/dx requirement.
The positions of the mass cuts are shown by the dotted lines.
BRAHMS, and (ii) by making extrapolations from the background seen in the OPAL search
for the B0 → π+π− decay [30], accounting for the better mass resolution of the linear collider
detector. Both methods are statistically limited, and lead to an expected signal to noise ratio
of 3:1 or better.
The precision to which the parameters acos and asin can be measured can be used as a
‘figure of merit’ for the various experiments. Assuming a signal to background level of 3:1, no
residual contamination from B0 → K+π− decays and no CP violation in the combinatorial
background, a simple fit to the asymmetry gives δacos = 0.05 and δasin = 0.07 in 10
9 Z0
decays. The latter uncertainty can be interpreted as a statistical error on sin 2α in the
absence of penguin contributions. The equivalent numbers for other experiments are 0.26 for
BaBar [23], 0.10 for CDF [26], 0.14 for ATLAS [27] and 0.05 for LHC-b [28], from the same
integrated luminosities as discussed in section 7.2. It should be noted that ATLAS has no
particle ID and insufficient mass resolution to separate the π+π− and K+π− final states, so
the analysis will be very difficult in the presence of this background. It can be seen that
in this measurement the linear collider is very competitive with other experiments, offering
comparable precision to LHC-b in a very different environment.
7.3.2 Branching ratio measurements for π0π0 and π+π0
The extraction of the penguin and tree amplitudes in B0 → π+π− can be achieved by mea-
surement of the three branching ratios B0 → π+π−, B0 → π0π0 and B+ → π+π0. The first
can be easily be measured as a by product of the asymmetry analysis discussed above, but the
other two are more difficult. In particular, B(B0 → π0π0) is expected to be extremely small,
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Figure 8: Reconstructed invariant mass distributions for (a) B0 → π0π0 and (b) B+ → π+π0
signal events. The mass resolutions (excluding the tails of low mass events) are indicated.
theoretical predictions being of the order 10−6 and the experimental upper limit 9×10−6 [29].
The feasibility of measuring the latter two branching ratios has been studied using the fast
simulation SIMDET, which contains a parameterisation of the calorimeter response to over-
lapping particles derived from the full BRAHMS simulation. The reconstruction is similar to
that used for the π+π− channel, but requires the explicit reconstruction of π0 mesons in the
calorimeter. The π0 have a mean energy of about 15GeV, at which the two photons from the
π0 decay have a typical angular separation of 0.04 rad, corresponding to a spatial separation
of 5 cm at the calorimeter front face. Since the granularity of the proposed electromagnetic
calorimeter is 0.015 rad [18], many π0 are not clearly resolved into 2 photons but appear as a
single wide electromagnetic cluster. Both pairs of identified photons with an invariant mass
between 0.1 and 0.2GeV, and single identified photons were therefore considered as π0 candi-
dates. The photon identification was taken directly from SIMDET, which includes an ‘energy
flow’ matching algorithm to identify neutral and charged particles from the reconstructed
tracks and calorimeter clusters.
Reconstructed π0 candidates were combined in pairs or with charged hadrons to form
B0 and B+ candidates, in both cases requiring the energy of each pion to exceed 8GeV
and that of the b hadron to exceed 25GeV. The resulting invariant mass spectra in signal
events containing B0 → π0π0 or B+ → π+π0 are shown in Figure 8. The invariant mass
resolutions are dominated by the π0 reconstruction, and are 160 and 120MeV respectively,
much worse than in the π+π− mode. This resolution is dominated by angular rather than
energy resolution effects. Large tails to lower masses are also visible in the reconstructed
mass distributions, caused by π0 overlapping with other particles (from fragmentation) in the
same jet, spoiling the energy measurement.
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Decay B/10−6 Signal Background σB/B
events events LC BaBar
B0 → π0π0 1 26 107 0.44 0.29
2 52 107 0.24 0.17
3 78 107 0.17 -
5 130 107 0.12 0.08
B+ → π+π0 2.5 95 577 0.27 0.20
5 190 577 0.15 0.11
7.5 285 577 0.10 0.08
10 380 577 0.08 0.06
Table 2: Number of signal and background events, and resulting fractional statistical error
σB/B on the branching ratio, for various values of B(B0 → π0π0) and B(B+ → π+π0). Results
for BaBar, assuming 300 fb−1 integrated luminosity, are also given [23].
Due to the lower mass resolution and difficult π0 reconstruction, these channels suffer
from very large combinatorial background. This can be reduced by applying a b-tag on
the opposite hemisphere of the event—an efficiency of 50% for bb events with negligible
contribution from other flavours was assumed. The remaining combinatorial background was
assessed using a sample of 2× 106 bb events processed through SIMDET. These studies show
that the background is composed mainly of random tracks and clusters from b decays and
fragmentation forming the correct invariant mass. It can be reduced by applying a track
based anti b-tag in the signal hemisphere (after first removing the candidate π+ track in the
π+π0 case). The number of charged tracks from b decays in selected background hemispheres
is shown in Figure 9(a) and (b). Although the b decay multiplicity is lower than average
(about 5) in these hemispheres, a veto on any tracks with significant impact parameter can
still be used to effectively suppress this background. A rejection factor of 10 (i.e. 90% of
background events rejected) for negligible loss of signal has been assumed.
After applying the anti-b tag in the signal hemisphere, the expected numbers of signal
and background events in the mass window 5–5.5GeV for various different branching ratio
assumptions are listed in Table 2. The expected statistical errors on the branching ratio,
taking into account the numbers of signal and background events and no uncertainty on the
background level, are also given, and compared to those expected from BaBar after 10 years of
running at nominal luminosity (300 fb−1) [23]. It can be seen that these errors are somewhat
larger than those from BaBar, and are in fact similar to those expected after only 5 years of
BaBar running.
The expected invariant mass spectra for B(B0 → π0π0) = 3× 10−6 and B(B+ → π+π0) =
5 × 10−6 are shown in Figure 9(c) and (d). The background histograms are extrapolations
from the small number of surviving bb events, so their shapes are somewhat uncertain. Nev-
ertheless, it is clear that a good understanding of the background shape will be necessary to
measure the signal branching ratios, and this may be rather difficult to achieve.
In summary, the measurement of the branching ratios B(B0 → π0π0) and B(B+ → π+π0)
would be an important contribution to the understanding of CP violation in b decays, since
it cannot be performed at hadron colliders. However, it looks rather difficult with the present
detector and uncertainties in the level of background. To proceed further probably requires a
more realistic calorimeter simulation and a more detailed study of the π0 reconstruction and
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Figure 9: Background to B0 → π0π0 and B+ → π+π0 selections: Number of tracks from b de-
cays in (a) π0π0 and (b) π+π0 background candidate hemispheres passing all cuts except signal
hemisphere b-tag requirement; resulting mass spectra for signal and background events for (c)
π0π0 and (d) π+π0 decays. The signal is shown by the open histogram and the background
by the hatched histogram in each case. Signal branching ratios of B(B0 → π0π0) = 3× 10−6
and B(B+ → π+π0) = 5× 10−6 have been assumed.
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background rejection.
7.4 Measurement of ∆ms, γ and δγ
The study of time dependent asymmetries in Bs decays provides a method of determining
the CKM angle γ and the small angle δγ (which is the ‘tilt’ of the second unitarity triangle
formed from the relation V ∗udVtd+ V
∗
usVts+V
∗
ubVtb = 0). Bs mesons are not produced at all in
Υ(4S) decays (so are inaccessible to e+e− b factories unless they run at a higher resonance)
and are only produced in 10% of b decays at higher energies. The Bs mixing frequency ∆ms
is also at least 25 times higher than that for B0 mesons, so requiring very good time resolution
to see the oscillations and asymmetries. Both of these factors make studies of Bs decays much
more challenging experimentally than studies of B0 decays.
7.4.1 Measurements in Bs → D−s K+ and Bs → D−s π+
Searches for Bs oscillations at LEP, SLD and the Tevatron have so far been carried out
mainly using semi-inclusive modes such as Bs → DsℓνX and Bs → ℓνX. In these analyses,
the energy of the Bs (which is necessary to calculate the decay proper time) is estimated
using reconstructed and missing energy. However, the limit on ∆ms is now 12.4 ps
−1 [32],
and measuring significantly higher frequencies can only be done with rare fully reconstructed
decays. The decay chain Bs → D−s π+, with D−s → φπ−, φ→ K+K− provides a suitable decay
mode to measure or set a limit on ∆ms, whilst the similar Bs → D∓s K± provides a way of
measuring γ − 2δγ.
These channels have been studied using the full GEANT simulation BRAHMS. The decay
chain was fully reconstructed, requiring two oppositely charged tracks to make a φ candidate
with 1.015 < mφ < 1.025 GeV, combined with another track to make a Ds candidate with
1.959 < mDs < 1.979GeV and a further opposite signed track to make a Bs candidate. The 3
tracks from the Ds were required to make a good vertex, as were the extrapolated track from
the Ds and the π
+ from the Bs. The latter vertex was used to define the Bs decay length.
The Bs energy was additionally required to exceed 20GeV, but no particle ID (dE/dx) cuts
were applied. The resulting mass distribution is shown in Figure 10(a), for Bs → D−s π+ signal
events, and the same events reconstructed assuming the π+ from the Bs decay to have the kaon
mass. The latter distribution, which forms a ‘reflection’ background for the reconstruction of
Bs → D∓s K± is reasonably separated from the signal, without the need for particle ID. The
signal mass resolution is about 8MeV, without the application of any kinematic fit.
The reconstruction efficiency for this selection is about 20%, but many of the losses occur
in requiring good vertices, which may be improved with better tracking code. Assuming
B(Bs → D−s π+) = 3×10−3 (by analogy with B0 → D−π+ [22]) and B(D−s → φπ−) = 3.5% [22]
gives a total of about 500 reconstructed events in 109 Z0 decays.
The proper time of each decay was reconstructed from the measured decay length (be-
tween the reconstructed primary vertex and the intersection of the D−s and π
+ tracks) and
reconstructed energy of each candidate. The energy resolution is extremely good (0.5%) and
the proper time resolution is dominated by the decay length reconstruction. This was simu-
lated separately for each of the vertex detector options available in BRAHMS—CCD vertex
detectors surrounding 1 cm and 2 cm radius beampipes, and an APS vertex detector with a
2 cm beampipe. The resulting proper time resolutions are shown in Figure 10(b)–(d), together
with the resolutions obtained from a double Gaussian fit to the distribution of reconstructed
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Figure 10: (a) Reconstructed invariant mass distributions for signal Bs → D−s π+ (open his-
togram) and the same events reconstructed as Bs → D−s K+ (hatched histogram); (b)–(d)
reconstructed proper time resolutions for Bs → D−s π+ events with different vertex detector
options. Double Gaussian fits to the resolutions are superimposed, and the widths of the
narrow Gaussians (σ1) are indicated.
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minus true proper time. The resolution clearly depends strongly on which vertex detector
option is chosen.
The sensitivity to Bs oscillations as a function of ∆ms can be quantified by means of
the amplitude method [33]. The amplitude A of oscillations at each ‘test’ value of ∆ms is
measured, in a method analogous to Fourier analysis. Oscillations are excluded if the value
A = 1 is excluded by the measurement, whilst exclusion of A = 0 is required to establish a
signal. The significance of the analysis is then quantified by the inverse of the error on A,
σ−1A , which must be at least 5 to claim a signal (‘5σ discovery’), and at least 1.645 to set a
95%˙ confidence level exclusion. The expected error can be calculated approximately by:
σ−1A =
√
N
2
fsig(1− 2η) exp(−1
2
(σt∆ms)
2)
where N is the number of events in the sample, fsig the signal purity, η the mistag and σt the
proper time resolution. The results of this calculation for fsig = 0.5 and fsig = 0.9 are shown
in Figure 11 for each of the vertex detector options. The background to the Bs → D−s π+
signal is expected to be combinatorial and very small, due to the very good mass resolution
and two intermediate mass constraints (φ and Ds). Hence values of fsig close to one are
expected to be realistic, although this has not been studied with simulation. With fsig = 0.9,
it can be seen that Bs oscillations can be discovered between 20 and 40 ps
−1, depending on
the vertex detector options. This is comparable with the reach of CDF and ATLAS, though
slightly lower than the 50 ps−1 expected by LHC-b [28]. The larger reach of LHC-b is due
to the much higher numbers of reconstructed events—30000 as opposed to 500 for the linear
collider, though the proper time resolutions are similar and the tagging better at the linear
collider. However, such high values of ∆ms should also be visible through their effects on
the Bs width difference (∆Γ/Γ), and are currently disfavoured within the framework of the
Standard Model.
The decay Bs → D∓s K± can be used to measure the CKM angle γ − 2δγ. However,
its branching ratio is expected to be at least an order of magnitude smaller than that for
Bs → D−s π+, so only around 50 reconstructed events are expected in 109 Z0 decays—not
enough to measure the 4 time dependent decay rates necessary for this analysis. LHC-b
expects around 2500 events per year in this channel [28] so the linear collider is clearly not
competitive, even with the large statistical advantage in tagging power.
7.4.2 Measurements in Bs → J/ψφ
The decay Bs → J/ψφ is the Bs analogue of the B0 → J/ψK0s decay, and can be used to
measure the CKM angle δγ. This asymmetry is expected to be very small in the Standard
Model, so a significant asymmetry would be a sign of new physics. However, as with the
other Bs decay modes discussed above, the relatively small number of Bs mesons produced
at the linear collider make it uncompetitive with LHC-b, and also with ATLAS and CMS in
this decay channel which is easy to trigger on.
The reconstruction of Bs → J/ψφ is similar to B0 → J/ψK0s , and with a 30% reconstruc-
tion efficiency 700 events are expected in 109 Z0. ATLAS and LHC-b expect around 40000
events [27,28], so again the linear collider is at a severe statistical disadvantage.
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Figure 11: Amplitude significance σ−1A vs ∆ms curves for Bs → D−s π+ oscillation analyses
assuming a CCD vertex detector with 1 cm radius beampipe (solid line), CCD vertex detector
with 2 cm beampipe (dashed line) and APS vertex detector with 2 cm beampipe (dotted line).
The upper set of curves refer to a signal fraction of 90%, the lower to a signal fraction of
50%. The 5σ discovery and 1.65σ exclusion significances are indicated.
7.4.3 Measurements in B+ and B0 decays
Various other strategies, involving the decays of B+ and B0 mesons, have been proposed to
extract or constrain γ. Some of these have been studied for BaBar [23] and LHC-b [28].
One method is to use rare B+ → D0K∗+ and B0 → D0K∗0 decays, however the combined
branching ratios are so small that only a few events per year are expected at BaBar, and a
few tens of events at LHC-b. In 109 Z0 the linear collider should collect similar numbers to
LHC-b, so if these analyses are possible at all, the linear collider should be able to make a
useful contribution. However, these channels have not yet been studied in detail.
Another proposed method is to make use of flavour symmetries in B0 → K±π∓ and
B+ → K0π+ decays. The feasibility of reconstructing two body B decays has been discussed
in Section 7.3. The reconstruction of K0s has not yet been studied but should present no major
problems. Again, if this analysis is possible, the linear collider should be able to make a useful
contribution. However, the measurement of B+ → π+π0 is also required, and if the penguin
decay B+ → K+π0 is also important, the linear collider will be at a disadvantage in not
having particle ID—the mass resolution cannot be used effectively in final states containing
reconstructed π0.
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8 Summary and Conclusions
The possibilities for doing electroweak and CP violation physics using a sample of 109 hadronic
Z0 decays collected at a linear collider Z0 factory with polarised beams have been investigated.
Huge improvements in the measurements of the Z0 coupling parameters Ae and Ab will
be possible. Ab can be measured to a precision on 10−3 and Ae to a precision of 10−4,
corresponding to an error in sin2θℓeff of 0.000013. However, to make this measurement useful
the hadronic cross section below the Υ needs to be measured to about 1% precision, in order
to calculate the running of the fine structure constant up to the Z0 mass. If the Higgs has
already been found, a stringent test of the Standard Model will be possible, and if not the
Higgs mass can be predicted with 5% precision. Some interesting predictions in other models,
such as the MSSM, can also be made [34]. However, the Z0 partial width measurements
cannot be improved very much due to systematic error limitations. For Rb a factor five may
be possible, while for αs(m
2
Z) and ∆ρ only a factor two is possible.
For the CP violation studies, whilst no ‘golden’ measurements have been found that can be
performed better than at any other facility, many useful measurements can be made that are
complementary, and of a competitive precision, to those at e+e− b factories, the Tevatron and
LHC. These measurements can be made with the standard linear collider detector optimised
for high energy running, and do not require dedicated particle identification detectors. Useful
contributions can be made to the study of the CKM angles α and β in a variety of decay
modes. However, the study of γ, which mainly requires Bs meson decays, does not appear to
be competitive with the LHC, due to the much larger numbers of b decays produced at the
latter machine.
In summary, with relatively little investment in time and money a large improvement in the
electroweak precision observables can be achieved, and some competitive and complimentary
CP violation measurements can be performed. The Z0 factory option is thus an attractive
supplement to the already rich linear collider physics program.
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